If the mass of dark matter is originated from a symmetry breaking and the corresponding phase transition is first-order, the bubble walls during the phase transition can filter out dark matter particles. Only particles which have enough momentum to overcome their masses inside the bubbles can penetrate through the bubble walls. Consequently, the dark matter number density after the phase transition has a suppression factor of exp(−Mχ/2γT ) where Mχ is the dark matter mass, andγ and T are, respectively, the Lorentz gamma factor and temperature of the incoming fluid in the bubble wall rest frame. We show that the filtering-out process provides sizable pressure on the bubble wall to obtainγT small enough, which makes the suppression factor consistent with the observed dark matter relic abundance for a wide range of dark matter masses up to the Planck scale.
Introduction
The thermal freeze-out mechanism of dark matter (DM) has been the mainstream of understanding the DM abundance [1] . As temperature drops, when the DM annihilation rate becomes smaller than the Hubble expansion rate, the DM number changing interactions are no more in thermal equilibrium and its comoving number density is frozen. To explain the observed DM relic density, DM particles need a sizable annihilation rate to lighter particles, roughly as large as the electroweak interaction rate. We call such hypothetical DM particles as weakly interacting massive particles (WIMP).
Motivated by the WIMP paradigm, there have been a lot of experimental studies to reveal its particle properties. Especially, direct detection experiments using largevolume detectors have increased their sensitivity enormously for the last decades. Unfortunately, we have not yet obtained the convincing signal in direct detection experiments so far. The absence of a direct detection signal provides strong constraints on the simple WIMP dark matter models with masses from GeV to TeV scale [2] .
Even if we can take refuge in heavy WIMP scenarios, there is the strong upper bound on DM mass within the freeze-out mechanism. The upper bound comes from the fact that the required annihilation cross section increases as the DM mass increases, and the cross section should not exceed the unitarity bound. The unitarity bound implies that the WIMP mass to be less than around 100 TeV [3, 4] .
Therefore if the DM mass is heavier than 100 TeV, there should be an additional process to provide the correct relic density. Along this direction, the pioneering works [5] [6] [7] [8] [9] studied the role of the early matter domination and inflation periods to obtain the correct heavy DM relics. The freeze-in thermal production [10] , and the series of co-scattering processes [11] are also used to make the thermal heavy WIMP DM scenario viable. One of the easiest ways to overcome the problem is the entropy injection to the SM after freezing out DM, which could be originated from a supercooled first-order phase transition of the Universe [12, 13] .
In this paper, we show that a first-order phase transition has another intrinsic effect which reduces the DM density compare to that from the naive freeze-out process; the bubble wall of the phase transition can filter out DM particles (see Fig. 1 ). We call this mechanism as filtering-out mechanism.
Filtering Effect Let us consider that the DM mass is originated from a symmetry breaking and the corresponding phase transition is first-order. During the phase transition, symmetry breaking bubbles are nucleated and expand. The DM mass is nonzero inside the bubbles while it is zero outside the bubbles. Therefore, only DM particles that have enough energy can penetrate through the bubble walls.
In the wall rest frame, the number of particles penetrating through the bubble wall per area ∆A and a time interval ∆t can be estimated by
where r 0 denotes the bubble radius, T ( p) is the transmission rate, f ( p; x) is a distribution function of particles at position x and momentum p, g χ is the particle degrees of freedom, and Θ(x) is the unit step function. For simplicity, we take classical transmission rate
If the distribution follows Bose-Einstein or Fermi-Dirac distribution wall frame is calculated as
being the Lorentz gamma factor of the relative velocityṽ of fluid bulk motion with respect to the wall . With Boltzmann distribution, dropping ±1 in the denominator, we obtain the flux
For Bose-Einstein or Fermi-Dirac distribution, we obtain only a factor of O(1) change. Note that even for M χ T , the exponent is quite sensitive toṽ. It becomes −M χ /2γT (−M χ /T ) asṽ → 1 (ṽ → 0). Including the case of the supercooled Universe, a natural environment for dark matter filtering process, we allow all the possible range ofṽ. There is also the outgoing flux which corresponds to −J wall (ṽ → −ṽ). Because of the exponential factor, for the sizableṽ, this can be safely ignored compared to the ingoing DM flux, while it becomes important whenṽ 1. Under the assumption that DM particles inside the bubble are thermally decoupled, the average number density in the bubble can be obtained by
where ξ w is the bubble wall velocity and γ w is its gamma factor. Whenγ M χ /T and ξ w ṽ, Eq. (5) approaches to g χ T 3 /π 2 which is the equilibrium number density for Boltzmann distribution outside the bubble. It means that the bubble wall does not filter out DM particles at all in this limit.
Plasma which is farther than the mean free path from the bubble wall can be described by a perfect fluid distri-bution with f eq ( p, v, T ) in Eq. (2) where v and T should be treated as functions of the distance from the center of the bubble. As described in Ref. [14] , the conservation of energy and momentum provides the profiles of v and T once two effective parameters are given: supercooling order parameter α n and the bubble wall velocity ξ w .
The α n describes the potential difference between false and true vacua,
where ∆V is the potential energy difference at zero temperature, and the sub-index n denotes a quantity at the bubble nucleation temperature T n . Here, a is the effective light degrees of freedom at a given temperature
where N b i and N f i are bosonic and fermionic field degrees of freedom.
With nonzero ∆V and infinitesimal bubble wall width (compared to the macroscopic bubble size), the fluid profile becomes discontinuous at the bubble wall, which can be determined from the conservation of the energy and momentum. We denote velocity relative to the wall and temperature of the incoming (transmitted) fluid at the bubble wall by v + (v − ) and T + (T − ), following the notation of Ref. [14] .
The distribution close the wall, less than the mean freepath away, should be determined, in principle, by solving the Boltzmann equation. In this paper, however, instead of attempting to solve it, we make assumptions on the out-of-equilibrium distribution to be approximately described by
In the main discussion, we further set v = v + and T = T + .
This corresponds to the situation when the self interaction of the reflected particle species is negligible. If the incoming DM particles which will be reflected are not affected by the DM particles which was reflected, the distribution of incoming DM particles will not change much.
In such a case, it is natural to setṽ = v + . We can calculate ξ w ,ṽ and T from the equilibrium condition ∆V = P . If a particle i gains its mass M i inside the bubble andγT ∼ < 0.2M i , most of the i particles in the flux fail to penetrate and exert pressure on the wall. 1 1 IfγT is larger than Mχ, the pressure is P = c 1 gχ 24 M 2 T 2 where c 1 is 1 for boson and 1/2 for fermion [15] . Its next leading order is discussed in Ref. [16] .
The pressure can be represented as
defining the effective ratio of the degrees of freedom by
This is nonzero in our scenario because we have at least one heavy particle: DM.
Bubble collsions When the bubbles collide with each other, bulk kinetic energy of plasma can be converted into the local thermal energy. During this process, locally very high-temperature plasma can be formed for a while and may produce dark matter particles when the phase transition is supercooled. 2 When supercooling occurs, the bulk motion of fluid profile can be described by a detonation profile or a hybrid profile [14] . In detonation profiles, hot plasma follows the bubble wall, and the bubble wall hits the plasma that is at rest. Thus, v − and T − are important at the collision. In hybrid profiles, hot plasma is additionally involved in front of the bubble wall propagation, and so v + and T + should be taken. This thermalization process of colliding fluids should not be ignored because the mean free path can be short compared to the thickness of the plasma profile. The mean free-path is roughly l ∼ γ/(g 4 T ) where g 4 represents interaction strength. On the other hand, the thickness of the plasma profile is approximatelyR/α n for large α n whereR is the average radius of the bubbles at the percolation time. In this paper, to give a conservative estimation, we assume thatR is cosmologically large.
At the collision, the plasma energy density γ 2 pl T 4 can be converted into thermal energy. Here, γ pl is the Lorentz gamma factor of the plasma fluid in the bubble center rest frame. Since γ pl ∼ γ w ∝ α 1/2 n from ∆V = P with Eq. (10) and T − ∼ α 1/4 n T n for detonations and T + ∼ α 1/4 n T n for hybrids, the maximal temperature of the local fluid can be as large as
for both detonation and hybrid profiles. We restrict our scenario to satisfy T max < T fo to prevent DM from being additionally produced where T fo is the DM freezeout temperature. It is a conservative bound since the additional DM production in this process would not be efficient depending on the interaction strength.
2 When ∆V is large, collisions of scalar profiles generate scalar field oscillations without producing a significant amount of heavy DM [17] . If the scalar field is derivatively coupled to light particles, the oscillation energy decays into the light particles.
In hybrid profiles, the shock-wave plasma collides first, and high-temperature plasma can be formed between bubble walls. The DM production is efficient since DM is still massless between the bubble walls. If there is enough time between the collision of shock waves and the collision of scalar profiles, a huge amount of DM particles can be produced and smear into the bubbles. The time scale between shock wave collision and bubble wall collision can be estimated by ∆t R (ξ sh − ξ w ) R /α n where ξ sh is the shock-front velocity. In order to be conservative in our estimation, we have assumed that R/α n < γ/(g 4 T ), so we conclude that DM can be easily overproduced during the bubble collision if the fluid profile is hybrid. Thus, we exclude the hybrid scenario from our consideration.
Results
We define an effective parameter λ eff to represent how small ∆V is,
compared to the DM mass M χ inside the bubbles.
In terms of T n and λ eff , we can rewrite M χ /T n 2.4(α n /λ eff ) 1/4 . Thus, the DM relic density can be written in terms of α n , λ eff , d and T n . When there is no supercooling (α n ∼ < 0.1), the wall velocity remains small. Thus, in the approximation with γ 1 and T T + T n , the exponential suppression factor in Eq. (4) and (5) for α n ∼ < 0.1. (14) However, we find that, as discussed in the next section, making small α n with small λ eff seems difficult to be realized unless some strong interactions are introduced. For a supercooled first-order phase transition (α n ∼ > 1), the situation becomes more complicated. The phase transition involves not only filtering-out effect, but also the bubble collision effect and reheating process.
With a detonation fluid profile, we show numerical value of T n required for the correct DM relic density for d = 0.05 in Fig. 2 . In this plot, we set a n = 100 × π 2 /30 and DM degrees of freedom 2. From the condition that DM particles outside the bubble should annihilate efficiently, we have Γ ann H where Γ ann is annihilation rate and H is Hubble rate. Therefore, it needs to satisfy T n M Pl . The purple shaded region describes T max < T fo where one might have to consider DM produced during the bubble collision as discussed in the previous section. For each M χ , we obtained T fo numerically as in Ref. [18] , using σv α 2 /M 2 χ with α 1 to be conservative.
It is noteworthy that, in the figure, the bottom-left corner and the top-right corner can be described by dif- In order for heavier DM to satisfy the observed relic, we need smaller λ eff α n which enters with the exponential factor, roughly by exp(−1/(λ eff α n ) 1/4 ). Therefore, small changes in α n and λ eff can allow the DM arbitrarily massive even up to the Planck scale, as can be seen in Fig. 2 .
On the other hand, in the top-right corner, most of the DM particles just enter the bubble wall becausẽ γ M χ /T . In this case, the reheating process provides the suppression factor (T n /T rh ) 3 required for the observed DM relic density [12, 13] . However, in this region, DM particles might be additionally produced during the bubble collision since T max > T fo , and so more careful study is required.
If DM self interaction is strong enough, Eq. (9) could not be valid. In such a case, we can consider two simple possibilities under the condition that there exists a terminal velocity of the bubble wall: 1)ṽ = v − and T = T − , and 2)ṽ = 0 and T T rh . Both cases result in the exponential suppression factor exp[−λ −1/4 eff ] without α n dependence. Here, the dilution factor disappears since T ∼ T rh . We would like to emphasize that it is important to solve full Boltzmann equations around the bubble wall especially for a strong DM self interaction. In the worst case, because of chaotic motions of DM particles in front of the bubble wall, pressure might not be enough for the bubble wall terminal velocity to exist.
Discussion
In this paper, we have investigated the pos-sibility that the DM relic abundance is determined by the filtering-out effect of the bubble wall during a firstorder phase transition. We have shown that the DM number density after phase transition is suppressed by exp(−M χ /2γT ). Unlike the freeze-out mechanism, our scenario does not have any theoretical lower bound on DM number density so that the DM mass can be as large as the Planck scale. In terms of effective parameters α n and λ eff , we find a phenomenologically reasonable region for the observed DM relic density. For the detonation profile, λ eff α n should be order of 10 −9 .
An intrinsic observable of this mechanism is a gravitational wave signature since a strong first-order phase transition is required, T n M χ . Gravitational wave produced in a first-order phase transition has been widely studied in various contexts [19] [20] [21] [22] [23] [24] [25] [26] . The signal peak frequency is, roughly, 1/R multiplied by a redshift factor whereR is the bubble radius at the bubble collision. To estimate the signal strength, we need to specify the model, but it can be arbitrary at this moment. If we have more observational information from future gravitational wave detectors [26] [27] [28] [29] [30] [31] [32] , we will be able to narrow down T n , M χ and ∆V required.
Indirect detection is still a good possibility to check our scenario. The filtering-out mechanism requires DM particles to annihilate into light particles, efficiently, when they were massless. If not, they are accumulated outside the bubble, heated, and finally penetrate through the bubble wall when the temperature becomes high enough.
In order to prevent this heating process in the symmetric phase, they should annihilate into light particles that can freely enter the bubble. Particles in the standard model such as neutrinos and photons are good candidates although it is not necessary. Excess in the high energetic cosmic rays is one of the footprints that our mechanism can have.
As a final remark in the model building aspect, we note that the scalar potential should contain at least two different mass scales. Let us first consider a maxican hat potential V = −m 2 Φ 2 + λΦ 4 which has only one massive parameter m. Given a Yukawa coupling y χ between Φ and the dark matter, λ eff ∼ λ/y 4 χ , T n ∼ m/y χ , and we obtain α n 10 −4 y 4 χ /λ. For α n ∼ < 0.1, the model can not satisfy Eq. (14) . Even if we consider a large α n , we obtain λ eff α n 10 −4 which is much bigger than the value for the correct DM relic, O(10 −9 ).
One of the working examples to provide multiple scales is the supersymmetric (SUSY) axion model in gauge mediation with a messenger scale M M P . The shapes of the scalar potential for the saxion (the superpartner of the axion) field are quite different between two regions Φ < M and Φ > M . In the field range Φ < M , soft SUSY breaking mass terms are generated by gauge mediation so that V ∼ −m 2 s Φ 2 , while for Φ > M its effect is quite suppressed and the potential becomes −m 2 s M 2 (ln Φ/M ) n + m 2 3/2 Φ 2 [33] [34] [35] [36] [37] [38] [39] [40] [41] . The gravitino mass m 3/2 is much smaller than m s , so the vacuum value of the saxion is evaluated as Φ ∼ M m s /m 3/2 M . In that case, T n m s , ∆V ∼ m 2 s M 2 , and one can easily obtain λ eff α n ∼ (m 3/2 /m s ) 4 = O(10 −9 ). With this potential, Eq. (14) with a small α requires m s = O(M ), which is very unlikely in gauge mediation scenario. We leave detailed studies within specific models as future works.
